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The extent to which phenotypic plasticity might mediate short-term responses to environmental change is controversial. Nonetheless,
theoretical work has made the prediction that plasticity should be common, especially in predictably variable environments by
comparison with those that are either stable or unpredictable. Here we examine these predictions by comparing the phenotypic plasticity
of thermal tolerances (supercooling point (SCP), lower lethal temperature (LLT), upper lethal temperature (ULT)), following
acclimation at either 0, 5, 10 or 15 1C, for seven days, of five, closely-related ameronothroid mite species. These species occupy marine
and terrestrial habitats, which differ in their predictability, on sub-Antarctic Marion Island. All of the species showed some evidence of
pre-freeze mortality (SCPs 9 to 23 1C; LLTs 3 to 15 1C), though methodological effects might have contributed to the difference
between the SCPs and LLTs, and the species are therefore considered moderately chill tolerant. ULTs varied between 36 1C and 41 1C.
Acclimation effects on SCP and LLT were typically stronger in the marine than in the terrestrial species, in keeping with the prediction of
strong acclimation responses in species from predictably variable environments, but weaker responses in species from unpredictable
environments. The converse was found for ULT. These findings demonstrate that acclimation responses vary among traits in the same
species. Moreover, they suggest that there is merit in assessing the predictability of changes in high and low environmental temperatures
separately.
r 2006 Elsevier Ltd. All rights reserved.
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Given rapidly changing modern climates and their likely
effects on organisms, amongst the most significant ques-
tions facing physiologists are the likely nature, extent and
pace of species responses to their changing thermal and
hygric environments (Hoffmann et al., 2003, 2005; Still-
man, 2003; Helmuth et al., 2005; Somero, 2005). The extent
and time-course of phenotypic plasticity are amongst the
most challenging of these questions (Bale, 2002). For
example, acclimation (or acclimatization in the field, both
are forms of plasticity) might alter organismal perfor-e front matter r 2006 Elsevier Ltd. All rights reserved.
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egas, NV 89154-4004, USA.mance, but ultimately either have no influence on fitness or
even reduce it as a consequence of complex trade-offs in
resource allocation (Huey et al., 1999; Helmuth et al.,
2005). Indeed, beneficial acclimation, defined by Leroi et al.
(1994) as ‘‘yacclimation to a particular environment gives
an organism a performance advantage in that environment
over another organism that has not had the opportunity to
acclimate to that particular environment’’, has proven
controversial. Whilst acclimation (or acclimatization) has
long been considered beneficial to organisms (Prosser,
1986; Spicer and Gaston, 1999), many recent studies have
found no evidence for it (see Huey et al., 1999). In turn,
these studies have been criticized from several perspectives.
The majority of thermal acclimation tests of the beneficial
acclimation hypothesis (BAH) are apparently neither direct
nor complete because they assess the adaptive significance
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Fig. 1. Autocorrelation plots for hourly microclimate temperatures
recorded using Thermochron iButtons (Dallas Semiconductors, Model
DS1920) just below the soil surface during August 2002 at (A) Lambert’s
Bay, South Africa, and (B) a coastal site on sub-Antarctic Marion Island.
The dashed lines on each figure represent the 95% confidence intervals,
whilst the values reported to the right of the lags on the y-axis are the
autocorrelation coefficients and their standard errors. These figures
indicate that terrestrial microclimate temperatures are not predictable
from day to day at Marion Island, but are perfectly predictable for nearly
a week at Lambert’s Bay.
J.A. Deere et al. / Journal of Insect Physiology 52 (2006) 693–700694comparative physiologists regard as acclimation (Wilson
and Franklin, 2002). In addition, many explicit tests of the
BAH compare animals in optimal environments with those
under stressful conditions (Woods and Harrison, 2002).
Such controversy regarding the form of phenotypic
plasticity and the likely fitness consequences thereof
suggests that much needs to be done to understand the
circumstances under which phenotypic plasticity is pro-
moted and when it is likely to be beneficial (Somero, 2005).
Past work has suggested that acclimation (or acclimatiza-
tion) is more likely in species from temperate than those
from less variable tropical and polar environments (Spicer
and Gaston, 1999; Ghalambor et al., 2006), and, more
generally, less likely in stenothermal species occupying
stable environments (Pörtner et al., 2000). Owing to
marked differences in variability between terrestrial and
aquatic (especially marine, non-intertidal) environments, it
has also been suggested that the organisms inhabiting these
environments are likely to show substantial differences in
their responses to them (Chown et al., 2000; Klok et al.,
2004).
Moreover, recent theoretical work has shown that if
environmental cues are misleading, plasticity will not be
favoured (Tufto, 2000; Berrigan and Scheiner, 2004).
Arguably, environmental unpredictablility, rather than
variability per se, is prone to make cues even more
misleading (Levins, 1969; Kingsolver and Huey, 1998).
Whilst unpredictable environments are by necessity vari-
able, the time course of that variability might be
predictable or unpredictable. This is most readily illu-
strated by an example. At coastal sites on Marion Island,
and at Lambert’s Bay on the west coast of South Africa,
microclimate temperatures vary from day to day (as they
do everywhere). At Lambert’s Bay the variation is
completely predictable. That is, very similar temperatures
occur at the same time of day, every day for more than a
week (Fig. 1A). By contrast, although temperatures also
vary at Marion Island, it is not possible to predict, from
day to day, what those temperatures will be at a given time
(Fig. 1B). Thus, although both sites are variable, the
predictability of that variation is high at one site and low at
the other. It is in temporally varying, unpredictable
circumstances where bias of the phenotype towards some
global optimum would be most beneficial (Tufto, 2000).
Thus, it might be expected that in predictably variable
environments, species will be more likely to respond to
changing environments via acclimation (i.e. show more
pronounced phenotypic plasticity), than in either unpre-
dictable or very stable environments. At least in the latter
case, this seems to be true (Spicer and Gaston, 1999; Peck
et al., 2004; Somero, 2005). However, investigations of the
effects of environmental predictability on the extent of
acclimation are less common (Kingsolver and Huey, 1998).
In this study we examine the above hypotheses by
investigating the thermal tolerance responses to acclima-
tion of five species of ameronothroid mites from sub-
Antarctic Marion Island. In particular, we first determinewhether the species’ responses to acclimation were incon-
sistent with the predictions of three hypotheses: beneficial
acclimation (as defined previously), deleterious acclimation
(extreme acclimation temperatures have negative effects on
the organisms—see Loeschcke and Hoffmann, 2002), and
no acclimation (no changes in the traits of interest in
response to acclimation). In the context of the resistance
traits examined here, it is difficult to distinguish the
beneficial acclimation hypothesis from the ‘colder is better’
(CIB) and ‘warmer is better’ (WIB) alternatives (see Huey
and Berrigan, 1996). Therefore, we make no attempt to do
so. Second, because the mite species occupy a range of
habitats from wholly marine to terrestrial (Barendse et al.,
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Table 1
Sea surface (SS) temperature (1C) and microhabitat temperatures (1C) of nine terrestrial sites (0m to 800m a.s.l.) for two years at Marion Island
Year Mean Abs Min Abs Max Mean Min Mean Max Range
SS
2002 5.4 3.7 8.5 4.9 6.2 4.8
2003 5.4 3.7 8.0 4.7 6.0 4.3
0m
2002 5.3 0.5 22.5 3.8 7.1 22.0
2003 7.0 1.0 22.0 5.1 8.6 21.0
100m
2002 5.2 0.0 16.0 3.1 7.7 16.0
2003 5.7 0.5 17.5 3.7 8.1 17.0
200m
2002 4.4 5.0 18.5 2.2 7.0 23.5
2003 5.2 6.0 19.0 3.5 6.6 25.0
300m
2002 4.1 0.0 15.0 2.4 6.1 15.0
2003 4.2 1.0 15.5 2.4 6.3 16.5
400m
2002 2.8 1.0 13.0 1.8 5.7 14.0
2003 3.1 0.5 12.5 1.9 6.0 13.0
500m
2002 3.5 0.0 24.0 1.8 6.1 24.0
2003 3.6 6.5 30.0 1.6 6.4 36.5
600m
2002 2.5 0.0 11.5 1.8 4.1 11.5
2003 2.7 0.5 13.0 1.9 5.0 13.5
700m
2002 2.5 7.0 17.5 0.5 4.8 24.5
2003 3.0 1.5 22.5 1.4 5.2 24.0
800m
2002 1.5 12.0 23.0 0.3 3.6 35.0
2003 1.8 4.5 19.5 0.3 3.6 24.0
Mean, mean minimum (Mean min) and mean maximum (Mean max), absolute minimum (Abs min) and absolute maximum (Abs max) temperatures, and
temperature range are given for each site for each year. Terrestrial data were collected using Thermochron iButton loggers (Dallas Semiconductors, Model
DS1920) placed just below the soil surface, whilst sea temperature data were collected using a mercury in glass thermometer by staff of the South African
Weather Services as part of the routine meteorological observations.
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should show a greater response to acclimation than their
terrestrial counterparts, because the marine species experi-
ence a predictable thermal environment with small seasonal
variation, whilst the terrestrial species experience a more
variable, though unpredictable environment (Table 1).
2. Materials and methods
2.1. Study site and animals
Specimens were collected from April 2002 to April 2003
on the east coast of sub-Antarctic Marion Island (461540S,
371450). The island has a low mean annual air temperature
(c. 5.71C), high humidity (83%), an annual precipitation of
approximately 1900mm (which is distributed evenly
throughout the year), a high degree of cloudiness, and
strong, predominantly westerly winds (Smith, 2002).Five species were investigated: Halozetes marinus
(mean7S.E. mass: 0.09570.002mg), Halozetes marionen-
sis (mass: 0.06770.002mg), Halozetes belgicae (mass:
0.03370.001mg), Halozetes fulvus (mass: 0.0317
0.001mg) and Podacarus auberti (0.19570.006mg). All
five species are ecologically separated in the marine and
terrestrial environments. H. marinus Engelbrecht and H.
marionensis Engelbrecht are found in the marine littoral
zone occurring, respectively, in the red seaweeds in the
lower shore and in the black lichen Verrucaria sp. which
dominates the upper shore (Mercer et al., 2000). H. marinus
also occurs in thick mats of filamentous algae on sheltered
shores (Mercer et al., 2000). H. belgicae Michael occurs in
Turgidosculum complicatulum and Caloplaca sp. in the
supra-littoral zone. H. fulvus and Podacarus auberti are
predominantly found in terrestrial environments on moss
(e.g. Sanionia uncinata), and on Poa cookii, respectively
(Mercer et al., 2000; Barendse et al., 2002).
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Bay, Archway, Duikers Point River, and the area
immediately around the Entomology laboratory at the
scientific station. All of the sites are situated on the east
coast of the island and the distance from the northern most
site (Duikers Point) to the southern most site (Archway) is
approximately 4 km.
2.2. Acclimation
Plant samples were collected from the field, placed into
plastic bags and returned to the laboratory within two
hours to extract animals. H. marionensis was the only
species to be collected directly from the rock-substrate on
which it occurs. Specimens of H. marionensis were removed
from the rock and placed, with a sample of the vegetation
on which they feed, into vials containing moistened plaster-
of-Paris substrate and returned to the laboratory within
two hours. Specimens in the laboratory were kept in vials
with a moistened plaster-of-Paris substrate, and housed in
preset incubators at one of four acclimation temperatures
(0, 5, 10, 15 1C, 71 1C in each case) for seven days for a set
of experiments. Animals were fed on the plant material
from which they were collected. Day length was set at 14:10
light–dark cycles (L:D) for the 10 and 15 1C incubators
(summer conditions) and at 9:15 L:D for the 0 and 5 1C
incubators (winter conditions).
2.3. Supercooling point (crystallization temperature)
Supercooling point (SCP) experiments were carried out
with a sample of at least 20 individuals for each acclimation
temperature for each species. Animals were attached to the
end of a thermocouple (Type T 40-SWG) with small
amounts of thermally inert silicon grease and then placed
in the end of a pipette tip. The pipette tip was placed into a
sealed test tube and submerged in a Grant LTC 12 water
bath (Grant Instruments, Cambridge, UK). The thermo-
couples were attached to a Campbell CR-10 (Campbell
Scientific Inc., UK) or Pico (Pico Technology LTD, UK)
data logger, and measurements taken every second.
Many supercooling point experiments have used a
cooling rate of 1 1Cmin1 (Chown and Nicolson, 2004),
although a rate of closer to 0.01 1Cmin1 is more common
in the field (Sinclair, 2001). For these experiments a
compromise cooling rate of 0.1 1Cmin1 was used.
Animals were initially held at 0 1C for 15min for those
animals acclimated at 0 1C, and at 5 1C for those acclimated
at 5, 10 and 15 1C, after which the animals were cooled to
30 1C. The lowest temperature reached before the onset
of an exotherm (latent heat of crystallization) was taken as
the SCP for that individual (Lee, 1991). Immediately
following completion of its exotherm, an individual was
removed from the water bath and then given an
opportunity to recover at its original acclimation tempera-
ture. Survival was checked at 24 and 48 h. Treatment
effects within species were investigated using a generalizedlinear model assuming a normal distribution and using an
identity link function (Quinn and Keough, 2002).
2.4. Lower and upper lethal temperatures
In isolation, supercooling points provide only superficial
insight into the cold hardiness strategy of a species (Baust
and Rojas, 1985; Bale, 1993). They do not allow detection
of pre-freeze mortality, nor of survival below the freezing
point. Moreover, even in species where death at the
freezing point is expected, it is becoming increasingly clear
that SCPs alone are problematic when it comes to
interpretation of cold hardiness and its adaptive value
(Worland, 2005; Worland et al., 2006). Therefore, lower
lethal temperatures were determined in addition to SCPs.
Upper thermal limits were also determined. For lower
(LLT) and upper (ULT) lethal temperatures, five replicates
of 10 animals were used for each temperature in all species
except for H. fulvus for which five animals were used in
each replicate. For the LLT experiments a wet and a dry
treatment was used to investigate likely effects of inocula-
tion. For the wet treatment, animals were placed onto
moist filter paper during the course of the experiment,
whilst in the dry treatment the animals were placed above
dry silica gel. The animals were not placed directly on the
silica gel to avoid possible cuticular damage. Animals in the
upper lethal limits experiments were placed on moistened
filter paper only as the intention was not to measure
desiccation resistance. In each case the treatment was
effected by placing each batch of animals into a 1.5ml
eppendorf vial.
The vials were then submerged in a water bath at a given
temperature for one hour. They were subsequently
removed and transferred to a recovery vial at the original
acclimation temperature. For field-fresh animals recovery
temperatures were set to 5 1C. After 24 and 48 h animals
were scored for survival. Survival was considered as
coordinated movement, while twitching or uncoordinated
movement indicated a moribund state, and no movement
indicated mortality. The temperature was then lowered (in
the case of the LLT experiments) or increased (in the case
of ULT experiments) by 1 1C increments and the assess-
ment repeated with new animals. Experiments were
continued until the proportion of survivors varied between
0 and 1. For the LLT and ULT mortality data a logistic
regression was used to calculate LT50 values (the point
where 50% of the population survived). This procedure
was only applied where the logistic regression provided a
significant fit to the data based on the Wald statistic (Quinn
and Keough, 2002). The treatment effects within each
species were investigated using a generalized linear model
assuming a normal distribution and using an identity link
function (Quinn and Keough, 2002), and comparisons
made using 95% confidence intervals.
To examine the prediction that the species from the more
predictable, though less variable marine environment show
greater phenotypic plasticity relative to the species from the
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ment, the largest difference in each of the traits across the
four acclimation temperatures for each of the species was
compared. This was done by calculation of the largest
difference between any two acclimation temperatures,
except where acclimation was thought to be somehow
deleterious (Klok and Chown, 2003).
3. Results
No individuals survived freezing, and the SCPs were
usually lower than the dry LLT50s, suggesting some pre-
freeze mortality (Table 2). In H. marionensis the SCP and
the dry LLT50 values after acclimation at 10 1C were
similar, making this species and treatment the only
exception. In the more marine species (H. marinus and H.
marionensis) declining acclimation temperature resulted in
a significant decline in SCP, whereas no significant effects
were found in the more terrestrial species (Table 2).
Acclimation typically had a significant effect on the dry
LLT50s, resulting in a decline in LLT50 with a lowerTable 2
Mean (1C) 7 standard error of supercooling point (SCP), lower lethal tempera
species acclimated to four temperatures (1C)
H. marinus H. marionensis H
SCP
0 1C 23.17.5a 20.370.9a 
5 1C 21.070.9a 12.871.3b 
10 1C 22.970.5a 9.071.4b,c 
15 1C 14.471.2b 5.070.7c 
w2 (3) ¼ 73.6*** w
2
(3) ¼ 98.5*** w
Difference 8.7 15.3 2
LLT (wet)
0 1C 5.970.09ab 5.470.13a 
5 1C 6.370.15a 4.870.15a,b 
10 1C 7.070.26ab 4.270.24b 
15 1C 4.470.16b — 
w2 (3) ¼ 28.5*** w
2
(2) ¼ 10.9* w
Difference 2.62 1.26 1
LLT (dry)
0 1C 10.470.05a,b 14.070.05a 
5 1C 11.470.04a 10.470.04b 
10 1C 14.570.06c 9.670.04b 
15 1C 8.870.07b — 
w2 (3) ¼ 85.6*** w
2
(2) ¼ 64.1*** w
Difference 5.63 4.35 4
ULT
0 1C 36.170.41a 37.270.16 3
5 1C 37.170.76b 37.470.14 3
10 1C 37.970.69c — 4
15 1C — — 4




Difference 1.79 0.21 4
Superscript letters indicate significant differences between the four acclimation
from a generalized linear model assuming a normal distribution with an identity
The largest difference in each of the traits across the four acclimation temper
difference between any two acclimation temperatures.acclimation temperature (Table 2). In Podacarus auberti
this took the form of a threshold effect at 15 1C, whereas no
significant effect of acclimation was found in H. fulvus
from a similar habitat. Once again, the acclimation effects
were more pronounced in the marine than in the terrestrial
species. By contrast, acclimation had a smaller and less
consistent effect on the wet LLT50 treatment in all of the
species, although the differences between acclimation
temperatures were typically significant (Table 2).
In the case of ULT50, incubator failure resulted in a loss
of some data for H. marinus and H. marionensis. None-
theless, it was clear that lower acclimation temperatures
typically resulted in a decline in ULT50, and the extent of
this change was similar to that found for the LLT50 dry
treatments in the terrestrial species, but not in the marine
ones (Table 2). Indeed, even when comparisons were
restricted to the 0–10 1C acclimation temperatures, it was
clear that the terrestrial species tended to have a more
pronounced response in ULT50 than the marine ones,
which is the converse of the situation found for SCP and
the dry LLT50s.ture (LLT50) and upper lethal temperature (ULT50) for each of five mite







NS w2 (3) ¼ 4.6








(3) ¼ 34.0*** w
2









(3) ¼ 52.6*** w
2
(3) ¼ 6.5
NS w2 (3) ¼ 93.5**
.73 1.08 3.09





(3) ¼ 410.9*** w
2




temperatures (1C) for each species based on the 95% confidence intervals
link function (NS ¼ not significant; *po0.05; **po0.001; ***po0.0001).
atures for each of the species was compared by calculation of the largest
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All of the mite species that were investigated here are
freeze-intolerant, a strategy that is almost universal in
mites and springtails (Cannon and Block, 1988; Sinclair
et al., 2003). Moreover, the supercooling points documen-
ted for the species here are reasonably similar to those of
related species, such as Halozetes littoralis from South
Georgia which typically freezes at 16.6 1C (Pugh, 1994),
but higher than those of Alaskozetes antarcticus from Signy
Island which has a supercooling point of p24 1C (Young
and Block, 1980; Block and Convey, 1995). However, in all
species and following all of the acclimations (with the
exception of H. marionensis following acclimation to 10 1C)
the supercooling point was lower than, and thus not
equivalent to, the lower lethal temperature. This suggests
that some pre-freeze mortality took place in all of the
species investigated. Pre-freeze mortality has been observed
in several species of mites (Hart et al., 2002; Hatherly et al.,
2004) and insects (Baust and Rojas, 1985; Bale, 1987, 1993;
Koštál et al., 2004), and its occurrence here is therefore not
surprising. However, differences in the experimental
protocol used to calculate SCP and the LLT50s may have
made some contribution to the observed pre-freeze
mortality. Unfortunately, this could not be independently
verified.
Therefore, it seems safest to propose that there is at least
some pre-freeze mortality in the species examined here,
which would make these species moderately chill-tolerant,
rather than freeze-avoiding (see Bale, 1996). This level of
chill tolerance is similar to the cold hardiness strategies
found in several other arthropod species on Marion Island
(Klok and Chown, 2001; Van der Merwe et al., 1997;
Slabber and Chown, 2004). Moreover, it is in keeping with
the generally high subzero microclimate temperatures
which the mite species are likely to encounter (Table 1).
Nonetheless, the extent of chill tolerance in the mite species
investigated here is not as pronounced as that found in the
highly chill tolerant Antarctic mite A. antarcticus (Bale,
1993).
That the LLTs differed in the wet and dry treatments is
unsurprising. The presence of free water is known to have a
significant effect on the likelihood of heterogeneous
nucleation owing to the fact that ice crystals can serve as
an inoculum for further ice formation, and indeed may
sometimes be required to ensure freezing at relatively high
subzero temperatures (reviews in Zachariassen, 1985; Lee
and Denlinger, 1991; Ramløv, 2000). Thus, the expectation
is that acclimation effects on SCPs would be masked to a
large extent by the effects of nucleation from ice-crystals
surrounding the mites in the wet treatment, and this is
indeed what we found.
The ULTs of all five mite species were much higher than
those of several other arthropod species on Marion Island
(Van der Merwe et al., 1997; Slabber and Chown, 2004),
but they fell within the same range as the CTmax values for
many of the island’s arthropods (35.5–39.7 1C) (Klok andChown, 1997, 1998, 2001, 2003). In addition, the ULTs are
high enough to ensure tolerance of the absolute maximum
temperatures likely to be experienced by these species in
their microhabitats, including the uncommonly high
microclimate temperatures that may occasionally occur
(Table 1).
In response to the acclimation treatments the marine
species, H. marinus and H. marionensis, showed pro-
nounced changes in SCP and in dry LLT50 values. The
direction of these values was in keeping with what might be
expected from the beneficial acclimation hypothesis (Leroi
et al., 1994). However, the nature of the trials did not allow
us to distinguish this hypothesis from the ‘CIB’ and ‘WIB’
alternatives (Huey and Berrigan, 1996), and this is likely to
be a problem in the assessment of most resistance traits. By
contrast, either no acclimation-induced response (SCP), or
a reduced response to acclimation (wet LLT50) was found
in H. belgicae, H. fulvus and Podacarus auberti, suggesting
that acclimation is of less importance in these species
(i.e. the hypothesis of no acclimation is at least partially
supported). Thus, the beneficial acclimation hypothesis
(including CIB and WIB) seems to hold for the
marine species, and the no acclimation hypothesis is
partially supported for the terrestrial species. In conse-
quence, the prediction that acclimation effects should be
more pronounced in the moderately variable, but pre-
dictable marine environment, by comparison with the
largely unpredictable, but substantially more variable
terrestrial environment can also not be rejected. This
outcome is in keeping with theoretical predictions of the
conditions under which plasticity is most likely to develop
(Kingsolver and Huey, 1998; Tufto, 2000; Berrigan and
Scheiner, 2004).
However, the converse response to acclimation was
found for ULT50, with the marine species showing a
marginal change in ULT50, and the terrestrial species
(excluding H. belgicae) a much larger one, although all
significant changes were in a direction one might predict
from the beneficial acclimation hypothesis. Decoupled
responses to high and low temperatures are common in
arthropods (and especially tracheated arthropods such as
these mites) (Chown, 2001; Chown and Nicolson,
2004; Hoffmann et al., 2005), and are therefore unsurpris-
ing here. In addition, the very different responses
of the three traits (SCP, LLT50 and ULT) to acclimation,
and the comparative lack of plasticity in locomotor
performance of the same mite species (Deere and Chown,
unpublished data), support previous findings that acclima-
tion responses are likely to vary considerably among traits
(Woods and Harrison, 2001, 2002). Differences in trait
responses to acclimation also suggest that maximum and
minimum temperatures might show different levels of
unpredictability. To date, variation in extreme tempera-
tures, rather than means, has enjoyed little attention from
this perspective (for additional discussion see Gaines and
Denny, 1993; Kingsolver and Huey, 1998; Helmuth et al.,
2005).
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